Abstract
Introduction

40
Methane (CH4) is common on Earth, forms the major commercial natural gas reservoirs, and is a key 41 component of the global carbon cycle (Keppler et al 2009; Etiope and Sherwood Lollar 2013) . This 42 second-most important greenhouse gas currently has an average atmospheric concentration of 1.82 43 ppm, and continues to increase (Saunois et al. 2016 ). Today, most natural occurrences of CH4 are 44 associated with terrestrial and aquatic processes. In the shallow subsurface, CH4 is produced on 45 geological time scales mainly by thermal conversion of organic matter resulting from heat and pressure 46 deep in the Earth's crust or by microbial activity. This biotic CH4 includes the formation of thermogenic 47 consideration has been given to the natural release of CH4 from RWA nests (Jílková et al. 2016) or via 78 fault zones (Boothroyd et al. 2016) , although there are a range of processes that could contribute to it, 79 including micro-seepage via buoyant flux of CH4, faults increasing the flow rate of microbubbles, and 80 gas vents or response to earth tides and earthquakes (Crockett et al. 2010 ; Etiope and Klusman 2002) . 81 We used a combination of geochemical, geophysical, and biological techniques; state-of-the-art image 82 analysis; and statistical methods to identify associations between RWA activity, CH4 degassing, earth 83 tides, and tectonic processes. We explored whether RWA nests are associated with actively degassing 84 faults or traps for migrating CH4 from the deep underground, and if RWA activity changed during the 85 (micro)-seepage process. Specifically, we tested the null hypotheses that, in the field, RWA activity and 86 concentrations of both CH4 and δ 13 C-CH4 are independent. 87
Methods
88
We explored associations between RWA activity, methane concentrations in ant nests and ambient 89 air, tectonic events, weather processes, and earth tides at the Goloring site near Koblenz, Germany 90 during an 8-d sampling campaign that ran from 4-11 August 2016. 91
Study area
92
The Goloring site is located west of the Rhine River, southeast of the Laacher See volcano, and close 93 to the Ochtendung Fault Zone in the seismically active Neuwied Basin, which is part of the Quaternary 94
East Eifel Volcanic field (EEVF; western Germany; Fig. 1a ). The EEVF includes ≈100 Quaternary 95 volcanic eruption centers; the Laacher See volcano experienced a phreato-plinian eruption ≈12,900 96 years ago (Litt et al. 2001 ). The Paleozoic basement consists of alternating strata of Devonian, iron-97 Ochtendunger Fault Zone (Ahorner 1983 ). These earthquakes are related to stress-field-controlled block 109 movements, have a weak-to-moderate seismicity, and occur mostly in a shallow crustal depth (≤15 km) 110 with local magnitudes (Richter scale) rarely exceeding 4.0. No fault zones have been reported from our 111
Goloring study site, and focal depth of earthquakes near the site never exceeded 28 km during our 112 sampling campaign (BNS 2016) . 113
114
. 
CC-BY-NC-ND
4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/154245 doi: bioRxiv preprint first posted online Jun. 23, 2017;
Monitoring red wood ant activity
121
Within the research project "GeoBio-Interactions" (March -September, 2016), we monitored RWA 122 activity using an "AntCam": a high-resolution camera system (Mobotix MX-M12D-Sec-DNight-123 D135N135; 1,280 × 960 pixels) installed ≈5 m from a RWA nest (Fig. 1b) . During the 192-hr CH4 124 sampling campaign, which ran from 4-11 August, 2016, ant activities were recorded and time-stamped 125 continuously (12 Hz). The network-compatible AntCam was connected to a network-attached storage 126 (NAS) system for data storage via a power-over-Ethernet (POE) supply. A computer connected to the 127 NAS evaluated the RWA activities on-site and in real time using C++ code to accelerate image 128 evaluation. Image analysis extended the system of and was based on the 129 difference image technique (Fig. 2) . To reduce negative influences caused by, e.g., moving blades of 130 grass, we used a mask to restrict analysis to only the visible top of the mound. To compensate for slight 131 movements of the camera, e.g., due to wind, an image registration of the current image relative to the 132 previous image was done based on mutual information before the determination of the absolute 133 difference image (Maes et al. 1997 ). Results of RWA activity were written to a file. Every hour, this file 134 was sent via email (mobile data transfer, LTE router) to a mail server. Since two different sensors were 135 used for the day and night, respectively, we computed different polynomials to map the sum of absolute 136 differences onto manually designed activity categories in a follow-up procedure. The coefficients of the 137 polynomials were obtained from a minimization of the sum of squared differences between the 138 polynomial model and the manually assigned category for two selected weeks. A first-order polynomial 139 was adapted to the daytime data and a third-order polynomial was adapted to the nighttime data. To 140 avoid numerical difficulties, we first centered and scaled the data by subtracting the mean of the data 141 during the target time and dividing by the standard deviation. Both values were computed for day-and 142 nighttime, respectively. 143
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Concentrations of CH4 and δ 13 C-CH4 in nest gas (NG) and ambient air (AA) were monitored using a 154 portable CRDS analyser (G2201-i; Picarro, USA) that measured We examined associations between the six measured meteorological variables and RWA activity and 198 CH4 concentrations. As many of these variables were correlated with one another, we used principal 199 components analysis (R function prcomp) on centred and scaled data to create composite "weather" 200 variables (i.e., principal axes) that were used in subsequent analyses. 201
We used the "median+2MAD" method (Reimann et al. 2005 ) to separate true peaks in CH4 202
concentrations from background or naturally-elevated concentrations: any observation greater than the 203 overall median+2MAD (2.31 ppm CH4 in nest gas and 2.11 ppm CH4 in ambient air) was considered to 204 be a peak concentration. Background and elevated CH4 concentrations were separated based on the 205 90% quantile of the CH4 concentration (Phillips et al. 2013 ). For δ pressure (mean 988 ± 2.24 hPa) and wind speed (1.67 ± 1.72 km/h) were small. The first three axes 215 derived by the principal components analysis accounted for nearly 80% of the variance in the data (Table  216 1). The first axis represents temperature and humidity, the second axis represents atmospheric pressure 217 (with additional contributions of humidity and windspeed), and the third axis represents rainfall and 218 windspeed (with a minor contribution of temperature). 219 Ants were most active during the late afternoon and early evening hours (Fig. 3) . The video streams 222
showed that the ants went on foraging, building and maintaining the nest as they had done since the 223 start (on March, 18 th ) of our longer 7-month field campaign. Decomposition of the time-series into its 224 additive components illustrated that during the one-week gas-sampling campaign, there was a trend 225 towards increasing activity over the first four days, followed by a sharp decline towards the end of the 226 week (Fig. 3 ). There were two noticeable peaks of activity, at mid-day and early afternoon, followed by 227 sharp spikes in activity near 16:30 hours (Fig. 3) . 228
. (Fig. 4) . On two days (07.08. and 09.08.), at 04:30 and 235 05:50 (UTC), respectively, golden hammer birds (Emberiza citronella) were "anting" for ≈5 min to kill 236 parasites on their feathers with formic acid; a mouse was observed on the nest at 22:00 (UTC) for 10 237 minutes on 04.08.16. Only one earthquake occurred nearby (local magnitude: 0.8; depth: 3 km; distance: 238 20 km). This micro-earthquake neither influenced degassing nor RWA activity. 239 . 
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Median RWA activity and the three principal axes of weather were modestly associated, and accounted 247 for only 8% of the variance in ant activity ( Table 2 ). The ant activity increased slightly at lower 248 temperatures (PC-1) and slightly decreased when rainfall (PC-3) was present. PC-2 was not associated 249 significantly with RWA activity. 250 Table 2 Summary ANOVA table of (Fig. 5) . Atmospheric CH4 concentrations were slightly variable (1.90 -2.33 255 ppm). The calculated anomalous threshold concentration for atmospheric CH4 was 2.11 ppm CH4 256 (Fig.4) . Only four measurements out of 27 exceeded this threshold. Weather conditions explained 22% 257 of the variation in δ 13 C-CH4 (‰), and decreased with all measured weather variables (Table 4) . 258 Table 3 Summary ANOVA table of 
275
Cross-correlation between median ant activity and methane activity 276
Earth tides
277
Earth tides were basically semi-diurnal, and we observed a slight increasing trend in amplitude during 278 the intensive sampling period (Fig. 7, top) . The cross-correlation between ant activity and earth tides 279 never exceeded 0.25 (Fig. 7, bottom) . Methane activity (Fig. 8) showed a correlation-coefficient with 280 earth tides of ≈−0.4 at a lag of 6-8 hours. The cross-correlation between the earth tides and δ 13 C-CH4 281 was ≤ |0.15| (Fig. 8, bottom) . 282 
RWA activities
295
During the investigation period, ant activity was higher than we had observed in 2009-2012, although 296 an "M-shaped" pattern in daily activity was still identifiable ). Relatively high RWA 297 activities during the late afternoon and early evening hours could be attributable to direct sun hitting the 298 nest during that time or with activities associated with rebuilding damage to the nest that had occurred 299 on 18 March. Additional external agents, including mice and "anting" birds, did not influence ant activities 300 during the sampling week. Ant activity was only weakly correlated with weather (see also Berberich et Measured atmospheric CH4 concentrations were always lower than CH4 in RWA nests and there 304 seemed to be little influence of atmospheric CH4 on CH4 in the nests. Rather, elevated CH4 305 concentrations in nest gas appear to result from a combination of microbial activity and transport through 306 fault networks. Comparison of δ 13 C-CH4 nest gas signatures with published data suggests that it can be 307 attributed to two different sources (Fig. 9) . 308 biological processes have impacts on the deep carbon cycle. There are three possible sources for the 324 fault-related CH4 we find in RWA nests. 325 in RWA nests to fault-related emissions of abiotically formed CH4 by gas-water-rock reactions occurring 377 at low-temperatures in a continental setting at shallow depths (micro-seepage). Probable sources might 378 be Devonian schists ("Sphaerosiderith Schiefer") with iron concretions ("Eisengallen") sandstones 379
and/or the iron-bearing "Klerf Schichten". However, we cannot exclude the possibility of overlap by 380 magmatic CH4 micro-seepage from the Eifel plume. 381
The −37‰ δ 13 C-CH4 signature in nest gas was detected only once. The micro-earthquake on August 9 382 did not influence CH4 degassing because of its far distance (20 km). On August 13, there was another 383 earthquake (ML: 0.7; D = 13 km) only 2.3 km away from the nest. It might be, that the −37‰ δ 13 C-CH4 384 signature in nest gas was a precursor to the August 13 earthquake, promoting degassing due to an 385 increase in compressive stress (Boothroyd et al. 2016; Birdsell et al. 2015) . But this remains unanswered 386 as the CH4 measurement campaign was terminated at August 11. 387
We suggest that future work seek to determine if the −37‰ signature can be attributed to a microbial 388 source, a purely abiotic source, or a combination of abiotic/thermogenic source. Such a study should 389 use additional measurements of δ 13 H and run long enough to determine the influence of irregularly timed 390 earthquake events on patterns of methane degassing. 391 392 .
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